Background/Aims: CD133+CD44+ cancer stem cells previously isolated from laryngeal squamous cell carcinoma (LSCC) cell lines showed strong malignancy and tumorigenicity. However, the molecular mechanism underlying the enhanced malignancy remained unclear. Methods: Cell proliferation assay, spheroid-formation experiment, RNA sequencing (RNAseq), miRNA-seq, bioinformatic analysis, quantitative real-time PCR, migration assay, invasion assay, and luciferase reporter assay were used to identify differentially expressed mRNAs, lncRNAs, circRNAs and miRNAs, construct transcription regulatory network, and investigate functional roles and mechanism of circRNA in CD133+CD44+ laryngeal cancer stem cells. Results: Differentially expressed genes in TDP cells were mainly enriched in the biological processes of cell differentiation, regulation of autophagy, negative regulation of cell death, regulation of cell growth, response to hypoxia, telomere maintenance, cellular response to gamma radiation, and regulation of apoptotic signaling, which are closely related to the 
Introduction
Laryngeal cancer is one of the most common malignant tumors worldwide; it affects approximately 10, 000 Americans per year [1] . Laryngeal squamous cell carcinoma (LSCC) is the main type of aggressive neoplasms of the larynx. Despite recent advances in surgical treatments such as functional laryngeal surgery and oncological treatment including radiotherapy and chemotherapy, the prognosis of advanced LSCC remains poor due to tumor recurrence or metastasis [2, 3] . Therefore, understanding the mechanism underlying the invasion and metastasis of LSCC could lead to the development of novel treatment strategies.
Cancer stem cells are considered the origin of cancer cells, which are closely associated with therapeutic resistance and cancer recurrence [4, 5] . Our previous study showed that CD133+CD44+ cancer stem cells isolated from the LSCC cell lines Hep2 and TU-177 by magnetic-activated cell sorting (MACS) exhibited enhanced cell viability, migration and invasive capability, colony-formation ability, and resistance to chemotherapy and irradiation. Furthermore, in nude mice, tumorigenicity was higher for CD133+CD44+ LSCC stem cells than CD133+ or CD44+ LSCC stem cells [6] . Therefore, investigating the mechanisms underlying CD133+CD44+ LSCC cancer cells would help with treatment and prognosis of LSCC.
MicroRNA (miRNA) is a type of small (~22 nt) single-stranded RNA that exerts biological functions by base-pairing to target genes (mRNA) to cause mRNA degradation [7] . Circular RNA (circRNA) is a new class of single-stranded RNA. CircRNAs regulate gene expression via specific miRNA binding sites, which function as a competing endogenous RNA (ceRNA) to bind miRNA, thus restoring expression of miRNA target [8, 9] . Moreover, long non-coding RNA (lncRNA), which regulates gene expression at various levels, has emerged as a major source of biomarkers and targets for cancer therapeutics [10] .
In this study, we used whole-transcriptome sequencing to analyze differentially expressed circRNAs, miRNAs, lncRNAs, and mRNAs in CD133+CD44+ LSCC stem cells. We also used integrated analysis to reveal the regulatory relation among the differentially expressed circRNAs, miRNAs and mRNAs, and verified the expression of key circRNAs, miRNAs and mRNAs in TDP and TDN cells by qPCR. Moreover, we investigated the role of core circRNA in regulation of proliferation, migration, invasion, and chemotherapy of cancer stem cells. Our results give new insights into the molecular mechanisms of cancer stem cells and suggest potential novel biomarkers for LSCC therapy.
Materials and Methods
Cells and culture TU-177 LSCC cells were obtained from Bioleaf Biotech Corp. (Shanghai). The LSCC cell line Hep2 and HEK293T cell line were obtained from the China Center for Type Culture Collection (Wuhan, China). LSCC cell lines M2e, M4e, TU212 and TU686 were purchased from the Advanced Research Center of Central South University (Hunan, China). HEK293T and Hep2 cells were cultured in DMEM supplemented with 10% fetal bovine serum (Biological Industries, Cromwell, CT). TU-177 cells were cultured in MEM supplemented with 10% fetal bovine serum. M2e, M4e, TU212 and TU686 cells were maintained in RPMI1640 supplemented with 10% fetal bovine serum. All cells were maintained in an incubator at 37 °C, 5% CO2 in a humidified atmosphere.
Inhibition of cells with cisplatin
IC50 values in response to cisplatin treatment for the above cells were determined by using an xCELLigence RTCA S16 instrument (ACEA Biosciences, Hangzhou, China) following the manufacturer's protocol. Briefly, one day before cisplatin treatment, 5×10 3 cells were seeded on 16-well E-Plates and incubated at room temperature for 30 min, then the E-Plate was transferred to an RTCA station in a CO2 incubator. The cell index was detected every 15 min. When the cell index was 0.8, various concentrations of cisplatin (0, 1, 2.5, 5, 10, 20, 50, 100 μg/ml) were added to the wells, and the cell index was detected every 15 min, up to 72 h. IC50 values in response to cisplatin for each cell line were calculated according to the cell index changes after treatment.
Cells sorting, RNA extraction, and transcriptome sequencing CD133 + CD44
+ cells (hereafter TDP cells) and CD133-CD44-cells (hereafter TDN cells) were isolated from LSCC TU-177 cells, and spheroid-formation experiments were conducted as described [6] . Total RNA was extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA) as the manufacturer instructed, followed by DNase I treatment to remove DNA contamination. Equal quantities of RNA from 3 samples in one group were mixed. The lncRNA library (including lncRNAs, mRNAs, and circRNAs) and small RNA library were prepared by Novogene Bioinformatics Technology (Beijing, China). Agilent 2100 Bioanalyzer was used to qualify and quantify the sample library. The library products were sequenced on Illumina HiSeq 2000/4000 platform by Novogene Bioinformatics Technology. The sequencing data were submitted to GEO (GSE106280, GSE106283).
Processing of sequencing data
Data processing of raw reads was quality checked by using fastqc v0.10.1 (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/) and trimmed for low-quality bases and adaptors if necessary by using fastx_toolkit V0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). The expression patterns of lncRNAs, circRNAs, mRNAs and miRNAs were analyzed by comparing TDP versus TPT and TDN versus TPT cells.
Analysis of mRNA and lncRNA sequencing data
Raw reads in the fastq format were first processed by in-house perl scripts. Clean reads were obtained by removing reads containing an adapter, reads containing ploy-N, and low-quality reads from raw data. Clean reads were mapped to the reference genome by using HISAT2 v2.0.4 with "--rna-strandness RF" and other parameters set as a default. The mapped reads of each sample were assembled by using StringTie v1.3.1 [11] in a reference-based approach. The assembled transcripts were analyzed for coding potential by using Coding-Non-Coding-Index (CNCI), Coding Potential Calculator (CPC), Pfam-sca, and phylogenetic codon substitution frequency (PhyloCSF) algorithms. Transcripts without coding potential were the candidate set of lncRNAs. Fragments per kilobase of exon per million reads (FPKMs) for both lncRNAs and coding genes in each sample were calculated by using Cuffdiff v2.1.1 [12] . Gene FPKMs were computed by summing the FPKMs for transcripts in each gene group, then the differentially expressed mRNAs and lncRNAs were calculated by using the FPKM values for each gene.
Analysis of miRNA sequencing data
The clean reads were mapped to the hg19 reference genome by using Bowtie v1.1.2 to identify small RNA loci including miRNAs. The miRNAs in each group were identified based on the known miRNAs downloaded from the miRBase database v21.0 [13] . The expression of miRNAs in each sample was normalized by using transcripts per million (TPM), and read counts of annotated sequences were normalized by the trimmed mean of M values (TMM). Differentially expressed miRNAs were then identified by using the DEGseq R package [14] with p <0.01 and log2FC (fold change)|>1. MiRanda, a widely used open-source software for target prediction, was used to identify the most probable miRNA targets. Finally, GO and KEGG pathway analysis of miRNA target genes involved use of R clusterProfiler (http://bioconductor.org/packages/2.8/ bioc/html/clusterProfiler.html).
Analysis of circRNA sequencing data
CircRNAs were identified by using the find_circ software, followed by matching with the circRNA data from the circBase database [15] . The expression of known and predicted circRNAs was normalized by In addition, circRNA-miRNA interactions were predicted by using the miRanda prediction algorithm.
GO and KEGG enrichment analysis
To understand the potential roles of differentially expressed genes, GO and KEGG enrichment analyses were used with the online program DAVID (https:// david.ncifcrf.gov/home.jsp) [16] .
Co-regulatory network construction based on differentially expressed mRNAs, miRNAs and circRNAs
CeRNA-based analysis of circRNAs, miRNAs and mRNAs involved use of miRNA binding-site prediction of circRNAs, miRNA target gene prediction, and correlation analysis. The regulatory network was constructed by using the bioinformatics package Cytoscape [17] , widely used for biological network visualization and data integration.
Real-time quantitative PCR (qPCR) validation of circRNAs, mRNAs and miRNAs
Differentially expressed circRNAs, mRNAs, miRNAs of p value less than 0.05 and in the circRNAmiRNA-mRNA network, and the highest expressed lncRNAs were validated by qPCR. Briefly, total RNA was isolated from TDP, TDN and TPT cells by using TRIzol reagent (Invitrogen). For circRNAs and mRNAs, firststrand cDNA was synthesized by using the HiScript II 1st Strand cDNA Synthesis Kit (R211-02, Vazyme, Nanjing, China). For miRNAs, first-strand cDNA was synthesized by using an All-in-One miRNA first-strand cDNA Synthesis Kit (GeneCopoeia, Inc., Rockville, MD, USA). qPCR involved use of the ChamQ SYBR qPCR Master Mix (Q331-02, Vazyme) on an ABI 7500 FAST real-time PCR system (Applied Biosystems, Foster City, CA, USA). The qPCR conditions were 95°C for 30 sec, followed by 40 cycles of 95°C for 10 sec and 60°C for 30 sec. The specificity of the primer amplicons was examined by melting curve analysis. The comparative Ct method was used for quantifying target circRNA, mRNA and miRNA expression normalized to that of 18S rRNA or RNU6 (the internal control). qPCR primers used in this study were list in Table 1 .
Transfection of RNA oligos
Knockdown of hg_circ_0005033 was performed using siRNAs targeting hg_circ_0005033, the siRNA sequences were as follows, si-circ_0005033-1: sense: GAAUGGAUUGUGGAAAGAA, antisense: UUCUUUCCACAAUCCAUUC;
si-circ_0005033-2: sense: GGAUUGUGGAAAGAAGCUC, antisense: GAGCUUCUUUCCACAAUCC; si-NC: sense: AUGCGAGAUAUGCGUAAGG, antisense: CCUUACGCAUAUCUCGCAU. TDP cells were transfected with siRNAs, miRNA mimics, and miRNA inhibitor using lipofectamine 3000 transfection reagent (Thermo Fisher Scientific, Waltham, MA) for 48 h, and then knockdown efficiency and related genes expression were detected.
Cell proliferation and chemotherapy resistance assay
Cell proliferation was tested using Cell count kit-8 (CCK-8, Dojindo, Japan). Briefly, 1×10
3 TDP cells were seeded into 96-well plates, and 10 μl CCK-8 solution was added to each well at the indicated time 
Migration and invasion assay
Transwell chamber assay was performed for migration and invasion analysis of cells as described previously [6] . Briefly, cells were resuspended with culture medium containing 1% FBS (Biological Industries, Cromwell, CT). 200 μL cell suspension (1×105 cells) was added into the Transwell chamber (BD Biosciences, Franklin Lakes, NJ). The lower chamber was added 500 μL medium containing 30% FBS for 48 h. After 48 h of incubating at 37°C with 5% CO2, cells were rinsed with PBS and fixed in 0.5% methanol for 30 min, stained with 0.1% crystal violet for 20 min, and rinsed with PBS. The un-invaded cells were wiped with a cotton swab, and cells penetrating the membrane were observed by microscopy and counted. Each experiment was performed in triplicate.
Luciferase reporter assay
The wild type (WT) cDNA fragments of hg_circ_0005033 containing predicted miR-4521 binding sites were amplified and mutated fragments (Mutant) were generated through overlap extension PCR, then WT and mutant fragments were cloned into the psiCHECK-2 (Promega, Madison, WI), respectively. For luciferase reporter assay, HEK293T cells were co-transfected with wild type vector or mutant vector and Hsa-miR-4521 mimics or control mimics using Lipofectamine 3000 (Thermo Fisher Scientific). After 48 h of transfection, the luciferase activity was detected using dual-luciferase reporter assay kit (Promega) and normalized to Renilla luciferase activity. Each experiment was performed in triplicate.
Statistical analysis
Independent two-sample t test was used for qPCR analysis. P<0.05 was considered statistically significant. Statistical analysis involved use of SPSS 13.0.
Results

Identification of differentially expressed lncRNAs, mRNAs, miRNAs and circRNAs in CD133+CD44+ cancer stem cells of LSCC
Recently, we isolated CD133+CD44+ cells from the LSCC cell lines Hep2 and TU-177 by MACS. Functional analysis demonstrated that these cells had stronger malignant behavior than parental cells and CD133+ or CD44+ cells, including proliferation, migration and invasion, resistance to chemotherapeutic drugs and radiation, and in vivo tumorigenicity. Importantly, the high expression of stem-cell markers SOX2 and OCT4 indicated that these CD133+CD44+ cells were LSCC stem cells [6] . To determine whether CD133+CD44+ LSCC stem cells contribute to the resistance of LSCC cells to chemotherapy, we compared the ratio of the CD133+CD44+ subpopulation and IC50 values after cisplatin treatment in six LSCC cell lines (Hep2, TU-177, TU686, TU212, M2e, and M4e). Hep2 cells had the highest ratio of CD133+CD44+ subpopulation, followed by TU-177, M2e, M4e, TU686, then TU212 cells with the lowest ratio of CD133+CD44+ subpopulation (Fig. 1A) . The ratio of CD44+ subpopulation varied greatly among these 6 LSCC cell types. TU-177 cells had the highest ratio, followed by M2e, Hep2, M4e, TU686, and TU212 (Fig. 1A) . As expected, Hep2 cells exhibited the highest IC50 value with cisplatin treatment, and TU212 cells had the lowest value (Fig. 1B) . Moreover, TU-177 cells showed the second highest IC50 value with cisplatin treatment, followed by M2e, M4e, and TU686 cells (Fig. 1B) . These results, together with our previous data [6] , indicate that CD133+CD44+ LSCC stem cells are the main contributors to cisplatin resistance of LSCC cells, and the CD44+ subpopulation also contributed to cisplatin resistance.
The LSCC cell line Hep2 is known to be contaminated by Hela cells [18] . Since the ratio of CD133+CD44+ cells was found higher in TU-177 cells than M2e, M4e, TU686, and Cellular Physiology and Biochemistry
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TU212 cells, previously we isolated CD133+CD44+ LSCC stem cells from TU-177 cells and investigated their phenotypes [6] . In this study, we used TU-177 cells as a model to analyze the differential gene network of LSCC stem cells. The purity of CD133+CD44+ TU-177 cells isolated by MACS was evaluated by flow cytometry (Fig. 1C) . Spheroid-formation experiments further confirmed the stem cell-like features of CD133+CD44+ TU-177 cells (Fig. 1D) . Then, total RNA samples of CD133+CD44+, CD133-CD44-, and parental TU-177 cells (TPT) were subjected to RNA-sequencing (lncRNA, mRNA and circRNA) and miRNA-sequencing. After quality control, mapping and quantification of the sequencing data, differentially expressed lncRNAs, mRNAs, miRNAs and circRNAs were screened by fold change in expression and p value (fold change >2, p value <0.01). 
Functional analysis of differentially expressed mRNAs between TDP and TDN cells
With GO analysis for functional annotation, mRNAs upregulated in TDP cells were mainly enriched in biological processes of cell differentiation, regulation of autophagy, positive regulation of translation, negative regulation of cell death, reactive oxygen species metabolic process, regulation of cell growth, and cellular response to calcium ion ( Fig.  2A) . mRNAs downregulated in TDP cells were involved in caveolin-mediated endocytosis, negative regulation of protein tyrosine kinase activity, SMAD protein import into nucleus, response to hypoxia, telomere maintenance, cellular response to gamma radiation (Fig. 2B) . 
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Cellular Physiology and Biochemistry mRNAs upregulated in TDN cells were significantly enriched in biological processes of skeletal muscle cell differentiation, regulation of cell growth, cellular response to corticotropin-releasing hormone stimulus, cell differentiation, DNA repair, intracellular receptor signaling pathway, positive regulation of nuclear-transcribed mRNA poly(A) tail shortening, negative regulation of apoptotic process, telomere maintenance, cellular response to extracellular stimulus, and cellular response to gamma radiation (Fig. 2C) . In contrast, mRNAs downregulated in TDN cells were significantly enriched in caveolinmediated endocytosis, caveola assembly, cellular response to indole-3-methanol, positive regulation of I-kappaB kinase/NF-kappaB signaling, response to progesterone, regulation of cytokine production, negative regulation of epithelial cell differentiation, and cell division (Fig. 2D) . Moreover, mRNAs downregulated in TDN cells were significantly involved in pathways of adherens junction, leukocyte transendothelial migration, cancer, focal adhesion, and regulation of actin cytoskeleton (Fig. 2D) .
Functional analysis of differentially expressed miRNAs between TDP and TDN cells
To understand the potential role of differentially expressed miRNAs in TDP and TDN cells, we predicted possible target genes of these miRNAs, then annotated the functions of miRNA target genes by GO and KEGG pathway analysis. miRNAs upregulated in TDP cells were involved in heart development, tube morphogenesis, regulation of cell morphogenesis, positive regulation of neuron differentiation, as well as regulation of autophagy (see online Table S9 ). In contrast, miRNAs downregulated in TDP cells were mainly enriched in small GTPase-mediated signal transduction, axonogenesis, axon development, alcohol metabolic process, and cell-matrix adhesion (see online suppl. material, Suppl. Table  S10 ). Interestingly, as compared with miRNAs downregulated in TDP cells, those upregulated in TDP cells were specifically enriched in biological processes of positive regulation of neurogenesis, positive regulation of cell development, cell-substrate adhesion, ameboidaltype cell migration, and regulation of autophagy (Fig. 3A) . Moreover, as compared with miRNAs downregulated in TDN cells, those downregulated in TDP cells were specifically involved in processes of alcohol metabolic process, organic hydroxy compound metabolic process, and autophagy, whereas miRNAs downregulated in TDN cells were mainly enriched in biological processes of cell-matrix adhesion, cell growth, regulation of cell growth, as well as regulation of cell morphogenesis involved in differentiation (Fig. 3B) . Pathway analysis showed that the upregulated miRNA targets of TDN cells were mainly enriched in the oxytocin signaling pathway, whereas downregulated miRNA targets of TDN cells and down-and upregulated miRNA targets of TDP cells were mainly enriched in PI3K− Akt signaling pathway, pathways in cancer, and endocytosis (Fig. 3C) .
Differentially expressed circRNAs in TDP and TDN cells mainly involved in metabolic processes
Integrated analysis of the differentially expressed miRNAs, mRNAs and circRNAs predicted circRNA-targeted mRNAs. We further investigated the possible role of circRNAtargeted mRNAs by GO and KEGG analysis. Downstream protein-coding genes of differentially expressed circRNAs in TDP and TDN cells were enriched in various metabolic and catabolic processes, such as cellular macromolecule metabolic, nucleic acid metabolic, primary metabolic, cellular nitrogen-compound metabolic, cellular protein catabolic, and cellular macromolecule catabolic processes (Fig. 4A, B , see online suppl. material, Suppl. Table S11, S12).
Pathway analysis revealed that differentially expressed circRNAs in TDP cells were mainly involved in ubiquitin-mediated proteolysis, RNA transport, lysine degradation, and the cell cycle (Fig. 4C , see online suppl. material, Suppl. Table S13 ). In contrast, differentially expressed circRNAs in TDN cells were significantly enriched in pathways of ubiquitinmediated proteolysis, RNA transport, cell cycle, colorectal cancer, and adherens junction (Fig. 4D , see online suppl. material, Suppl. Table S14). 
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mRNA-miRNA-circRNA regulatory network and functional enrichment of key genes
We investigated miRNA-mRNA interaction pairs with an opposite expression trend (e.g., the miRNA was upregulated and the mRNA was downregulated) and obtained 458 and 91 miRNA-mRNA interaction pairs by comparing TDP versus TPT cells and TDN versus TPT cells, respectively. We also analyzed miRNA-circRNA interaction pair with opposite expression trend and obtained 439 and 126 miRNA-circRNA interaction pairs in TDP versus TPT cells and TDN versus TPT cells, respectively.
The regulatory network of TDP includes 731 nodes and 897 edges. The mRNAs including PEAK1, NFAT5, SMAD2, KCNQ5, PDLIM5, REV3L, UHRF1BP1 and CTBP2 had a higher degree than the others (Fig. 5A) . Functional analysis showed that mRNAs in the TDP ceRNA network were enriched in biological processes of cell-cell adhesion, cell migration, double-strand break repair, and pathways in cancer (Fig. 5B) . Because of the large size of the network, we selected the mRNA-miRNA-circRNA connection pairs that were regulated by two or more miRNA and constructed the core regulatory network. The core network of TDP contains three, four and six upregulated mRNAs, miRNAs and circRNAs, respectively; and four, five, and four downregulated mRNAs, miRNAs and circRNAs, respectively (Fig. 5C) .
The TDN ceRNA network was much larger than the TDP network, and miR-4521, miR-1-3p, miR-133a-3p, miR-143-3p, miR-206 and miR-451a were the crucial miRNAs in this network (Fig. 5D) . mRNAs in the TDN ceRNA network were significantly enriched in the IRE-1-mediated unfolded protein response, cell-cell adhesion, cell migration, and cell division. Some hub node genes were related to pathways of protein processing in endoplasmic reticulum, such as SSR1 and INTS6. However, hub node genes PEAK1, WWC1, NFATC2 and ABL2 were enriched in the process of cell migration (Fig. 5E ).
qPCR validation of the differentially expressed genes
To better understand the expression levels of the key differentially expressed genes in TDP and TDN cells, we used qPCR to determine mRNA, circRNA and miRNA levels in the core ceRNA regulatory network. The expression of the circRNAs hg19_circ_0005033, hg19_ circ_0004481, and hg19_circ_0003610; mRNAs PDLIM5, STAT5A, LGI4, VANGL1, SMAD2, and DCTN4; and miRNAs miR-328-3p, miR-4521, miR-451a, and miR-4661-5p was consistent with sequencing data in TDP cells (Fig. 6A-C) .
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Cellular Physiology and Biochemistry qPCR revealed upregulation of hg19_circ_0003081 and hg19_circ_0008472 as well as SSR1, PEAK1, ABL2 and WWC1 and downregulation of miR-4521, miR-1-3p, miR-143-3p and miR-451a in TDN cells, which agreed with the sequencing data (Fig. 6D-F) . Moreover, we investigated the expression of lncRNAs in TDP and TDN cells by qPCR. The lncRNA RP11-79P5.2 was upregulated in TDP cells, and RP11-1100L3.8 was upregulated in TDN cells (Fig.  6G) . Taken together, these data confirm that TDP and TDN cells exhibit a circRNA-miRNAmRNA transcription regulatory network, which represents the foundation of the phenotype of LSCC stem cells. 
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Knockdown of hg19_circ_0005033 inhibited TDP cells proliferation, migration, invasion, and cisplatin resistance
CircRNA plays critical roles in cancer carcinogenesis. hg19_circ_0005033 was one of the upregulated circRNAs in TDP cells. We explored the function of hg19_circ_0005033 in TDP cells through loss-of-function experiments. siRNAs transfection significantly knockdown the expression of hg19_circ_0005033 in TDP cells (Fig. 7A) . Knockdown of hg19_circ_0005033 significantly inhibited proliferation of TDP cells (Fig. 7B) . Moreover, transwell assay exhibits that knockdown of hg19_circ_0005033 inhibited migration and invasion ability of TDP cells (Fig. 7C) . We further investigated the role of hg19_circ_0005033 in regulation of chemotherapy resistance of TDP cells. Results showed that hg19_circ_0005033 knockdown enhanced the sensitivity of TDP cells to cisplatin (Fig. 7D) . These results indicated that the circRNA hg19_circ_0005033 plays important roles in proliferation, migration, invasion, and chemotherapy resistance of TDP cells.
circRNA functions as miRNA sponge was reported [19] . In the present study, the potential miRNA binding sites of hg19_circ_0005033 was predicted using seedVicious v1.1 (http:// seedvicious.essex.ac.uk/) (Fig. 7E) . Luciferase reporter assay demonstrated that miR-4521 binds to hg19_circ_0005033, resulting in reduction of luciferase activity of wild-type reporter constructs (Fig. 7F) . Moreover, overexpression of miR-4521 downregulated hg19_ circ_0005033 in TDP cells, while inhibition of miR-4521 upregulated hg19_circ_0005033 (Fig. 7G) . Furthermore, Knockdown of hg19_circ_0005033 significantly upregulated miR-4521 (Fig. 7H) . Collectively, these data revealed that hg19_circ_0005033 functions as ceRNA to upregulate miR-4521 targeted mRNAs.
Discussion
Cancer stem cells are the driving force of tumor growth, migration, metastasis and therapeutic resistance. Therefore, investigating the features and underlying mechanisms of cancer stem cells hold great promise for cancer diagnosis and therapy [20] . Stem cells in head and neck cancer, especially laryngeal cancer, have been isolated and characterized [21, 22] . Previously, we isolated CD133+CD144+ cancer stem cells from LSCC cell lines, and functional study demonstrated stronger malignant behaviors in CD133+CD144+ LSCC stem cells than CD133+ or CD44+ LSCC stem cells, CD133-CD44-LSCC cells, and parental cells [6] . However, the mechanism underlying LSCC stem cells remained unclear. In this study, we comprehensively analyzed the differential expression profiles of lncRNAs, mRNAs, circRNAs and miRNAs in TDP and TDN cells by whole-transcriptome sequencing. The data revealed that TDP and TDN cells have a unique and complex transcription regulatory network as compared with the parental TPT cells. Differentially expressed genes explained the differences in phenotype between TDP and TDN cells. Functional analysis revealed that differentially expressed mRNAs and miRNAs in TDP cells were involved in biological processes of autophagy, cell growth, cell differentiation, telomere maintenance, and response to hypoxia. Autophagy plays crucial roles in cancer, recent study revealed that enhanced autophagic activity was detected in ovarian cancer stem cells, and inhibition of autophagy reduced chemoresistance and self-renewal [23] . Activated telomere maintenance mechanism allows prolonged survival of the cells, which considered as a hallmark of cancer cells [24] . Therefore, differentially expressed genes that enriched in these biological processes and pathways might be important contributors of the enhanced malignancy of LSCC stem cells.
Integrated analysis is an important approach to understanding the regulatory relationships of large-scale transcriptomic sequencing data [25, 26] . In the present study, we used integrated analysis of circRNAs, miRNAs, and mRNAs to construct TDP and TDN specific transcription regulatory networks. Furthermore, we validated the expression of genes at the core nodes of the circRNA-miRNA-mRNA regulatory network by qPCR. PDLIM5, which was upregulated in TDP cells, functions as an oncogene in cancer by promoting cell proliferation and migration [27, 28] . Moreover, miR-328, which interacts with PDLIM5, has Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry been found downregulated in multiple cancers. miR-328 inhibits the survival of cancer cells and enhances the sensitivity of cancer to radiotherapy [29, 30] . Furthermore, overexpression of miR-328 reversed drug resistance and inhibited cell invasion of cancer stem cell-like SP cells in colorectal cancer [31] . These data indicate that the circRNA-miRNA interaction upregulates the downstream target PDLIM5, thus promoting the malignancy of TDP cells. PEAK1, ABL2 and WWC1 were previously found associated with cell migration. In migrating cells, PEAK1 is associated with the actin cytoskeleton and focal adhesion and involved in cancer progression [32] . The non-receptor tyrosine-protein kinase ABL2 plays critical roles in inhibiting the proliferation, migration and invasion of cancer cells [33, 34] . WWC1, which could restrict cell proliferation and increase cell apoptosis, is considered an important tumor suppressor gene [35, 36] . Both ABL2 and WWC1 are potential targets of miR-451a. High expression of these tumor suppressors in TDN cells is consistent with the cells' lower ability for proliferation, migration, and invasion.
The pathway of protein processing in endoplasmic reticulum was enriched by mRNAs of both TDN and TDP cells, which points to a potential link between cancer and endoplasmic reticulum function. Previous studies have suggested the endoplasmic reticulum stress could determine apoptosis and cell death in cancers [37, 38] . SSR1, regulated by miR-4521, was associated with the pathway of protein processing. SSR1/Trapα, which may have a general role in protein translocation [39] , was found involved in mammalian heart development [40] . Moreover, miR-4521 was found involved in cancer pathogenesis [41, 42] .
In addition, we noted that TDP ceRNA-related mRNAs were significantly enriched in the pathways hepatitis B and human T-lymphotropic virus infection and pathways in cancer. Infections causing human cancers has been widely proposed, and an estimated 12% of the worldwide incidence of human cancers was found attributed to viral infection [43] . Previous study indicated that human papillomavirus infection may play a role in the etiology of LSCC [44] . Our data revealed STAT5A as a target of miR-4521 and miR-339-5p, both of which also interact with hg19_circ_0005033. Particularly, STAT5A induces stem-like cell properties and the epithelial-to-mesenchymal transition in prostate cancer [45] . hg19_circ_0005033 may upregulate STAT5A to promote the phenotype of LSCC stem cells by binding miRNAs targeting STAT5A. Moreover, our data revealed that hg19_circ_0005033 targets miR-4521 and promotes proliferation, migration, invasion, and chemotherapy resistance in TDP cells. Previous study reported that miR-4521 was significantly decreased in sunitinib-resistant renal cell carcinoma [42] . Therefore, we speculated that circRNAs upregulated in TDP cells competed tumor-suppressive miRNAs, upregulating oncogenic mRNAs expression, thus maintaining malignant features of LSCC stem cells.
In conclusion, in this study, we investigated the transcription patterns of lncRNAs, mRNAs, circRNAs, and miRNAs of CD133+CD44+ LSCC stem cells by whole-transcriptome sequencing and integrated analysis. We reveal a unique circRNA-miRNA-mRNA regulatory network the supports the stem cell characteristics of CD133+CD44+ LSCC stem cells. Moreover, we investigated the role of core circRNA in regulation of phenotypes of LSCC stem cells. These findings provide potential biomarkers and targets for LSCC therapy, and provide pivotal evidence for the heterogeneity of LSCC cells at the transcription level.
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